Abstract Detailed models of combustion instability based on chemistry dynamics are developed. The results show that large activation energy goes against the combustion stability. The heat transfer coefficient between the wall and the combust gas is an important bifurcation parameter for the combustion instability. The acoustics modes of the chamber are in competition and cooperation with each other for limited vibration energy. Thermodynamics criterion of combustion stability can be deduced from the nonlinear thermodynamics. Correlations of the theoretical results and historical experiments indicate that chemical kinetics play a critical role in the combustion instability.
, but the driving mechanism of combustion instability is not very clear until now. Historically [3] , the chemical reaction rate was thought to be very large at the high temperature and high pressure associated with rocket combustion chambers. The characteristic time for chemistry reaction would be at least one order magnitude smaller than the acoustics time. Oscillations of the chemical rate would not produce significant oscillations in the overall burning rate. For these reasons, chemical kinetics was not viewed as an interesting driving mechanism for combustion instability in liquid-propellant rocket motors [3] . However, since the propellants are injected cryogenically or at room temperature into the chamber, there must exist regions where the reactants are well mixed, the temperature is not so high, and kinetics is critical. Arrhenius type reaction rates become the control processes in these regions. Then the sensitivity of reaction to temperature and self-catalyzing mechanism may drive combustion instability. So it is necessary to study deeply the combustion instability driven by chemistry dynamics.
Combustion instability is a kind of complex distributing nonlinear vibration phenomena. Its main nonlinear characteristics include: the oscillations may grow spontaneously from combustor background noise or some aspects of the startup sequence, and eventually reach a large amplitudes limited cycle of the order of the mean chamber pressure or more. The combustion may be stable without disturbance, but would be excited into the execution of similar large-amplitude oscillations through the introduction of pulse or disturbances of a certain size and form. Most time histo-ries of pressure oscillations may be more or less sinusoidal, but for large amplitude waves they are typically steep fronted. There exists nonlinear interaction between the chamber acoustics modes.
Sometimes several acoustics modes may get to be unstable at the same time. Sometimes only one acoustic mode can get to be unstable, but when this mode is eliminated, another mode would become the dominant. Combustion instability is an ordered spatial and temporal oscillation in the chamber. As one kind of dissipation structure, it cannot be explained by linear equilibrium dynamics.
In his pulse combustion theory, Zinn [4] deduced and discussed spring vibration equation driven by pulse heat source and pulse mass source. Yang et al. [5] used spring vibration equation to analyze several combustion instability models, such as linear stability, Rayleigh's criterion, response factors, and time lag (n, τ) representation. Yang et al. studied nonlinear interaction between acoustic modes. The intermodal coupling due to second-order gasdynamics allows energy transfer between modes. Energy enters the system through linear processes of the unstable mode and is transferred by nonlinear coupling mechanisms to the stable mode where it is linearly damped.
Doulatov et al.
[6ü9] investigated the flame and temperature in the chamber with electromagnetic and temperature testing technology, and found that the previous mono-top flame in the chamber became bitop flame due to spontaneous instability. They developed two bifurcation models of combustion: one based on the analytic approach and the other is the so-called conceptual model with feedback pathways [6ü9] .
Despite of the development above, most previous theoretical discussion of combustion instability focuses on linear analyses. The limited computational power limits the ability to apply all but the simplest models to practical engines. These limitations preclude running detailed parametric studies to understand the effect of input parameters on stability model results. The other significant shortfall is the absence of mechanistic models, or even good correlations, to describe the influence of injector element and thrust chamber design features on the response characteristic of combustion process. The absence of these models limits the development of clear causal relationships between design and operating conditions and stability behavior. It should be clearly stated that these problems affect the development of all rocket engine systems [10] . Ideal analytical model is nonlinear model that can express the real physical relations, but it is inexistent.
In this paper, nonlinear spring model, continuous stirred tank reactor acoustic model, acoustics modes interaction model, and dissipative structure model are built with the help of nonlinear dynamics and nonequilibrium thermodynamics. These models are used to analyze the combustion instability driven by chemical dynamics and try to explain most of the experimental phenomena.
Nonlinear spring vibration model
Nonlinear spring vibration model is often used for nonlinear vibration to qualitatively analyze the nonlinear items. If taking the chemical reactions into account, and ignoring the interactions between the acoustic modes, the following nonlinear spring vibration equations for combus- 
The above equation is actually the famous Van der Pol equation [11, 12] . It was used to describe the self-oscillation of the radio tube in early years, and later became the classic example of nonlinear vibration. Simple analyses of eq. (3) show that the three coefficients in eq. (2) It is called the threshold value condition of combustion instability.
( ) Because of its symmetry, the second item n pp r has no effect on the amplitude of the pressure vibration. But it would affect the average combustion rate. Positive n pp r will improve the average combustion rate and the average chamber pressure.
( ) The third item n ppp r determines if the limited cycle is stable. If it is negative, the initial pressure vibration will evolve into a stable limited cycle. It is called the plus saturation condition of the combustion instability.
Supposing that the heat release rate r is controlled by Arrhenius Law, then
where γ is a specific ratio, E the activity energy, R the general ideal gas constant, and
According to eq. (5), high activity energy and high reaction distribution go against combustion stability.
Continuous stirred tank reactor acoustic model
The CSTRAM model is basically a combination of continuous stirred tank reactor model and the pulse combustion model developed by Zinn. The principle of the model is shown in fig.1 . The fuel and oxidant enter the combustor from the inlet. The no-reacted propellant and the production of combustion are discharged from tail pipe. The reaction in the combustor is even and controlled by the dynamics of multistep chemistry reactions. The dynamics of the tail pipe is described by wave equation. CSTRAM operation can be mathematically simulated by the following equations:
OUT TAIL ,
where V is reactor volume, C the molar concentration, ω the coefficient of reaction equation, r the reaction rate, v c the heat capacity at constant volume, h the partial molar enthalpy, H ∆ the molar heat of reaction, K HEAT the heat transfer coefficient, R the general gas constant, T the temperature, P the pressure, C TOT the total molar concentration, Q the volumetric flow rate, K EFF the flow coefficient, P OUT the pressure downstream to the tail pipe, P TAIL the average pressure inside the tail pipe, p the acoustic pressure in the tail pipe, K DISS the acoustic dissipation coefficient, Ω the frequency of the tail pipe, and K PLUS the acoustic plus coefficient. Subscript j indicates chemical species, and i indicates reactions. 0 is value calculated at inlet condition. Eq. (6) is the mass conversation equation. The component increment in the combustor is the sum of convection and chemistry reaction. Eq. (7) is the energy conversation equation. The temperature increment is the sum of convection, reaction heat, the thermal diffusion to the wall, and mass increment. The volumetric flow Q, from the combustor to the tail pipe, is the function of the difference between the pressure in combustor and the pressure in tail pipe. The acoustic process in the tail pipe is governed by the spring vibration eq. (11).
The acetaldehyde combustion [13ü15] is simulated as a sample of hydrocarbon combustion in this paper. Acetaldehyde has been chosen because of its presence as an intermediate in most of the hydrocarbon combustion systems. Moreover for dynamics studies, this system at low pressure appears particularly interesting experiments on the oxidation of this acetaldehyde in a continuous stirred tank reactor (CSTR) permitted the observation of a very rich variety of dynamic behaviors, including multiple stage ignitions, characterized by the appearance of a certain number of cool flames which are interspersed between regular ignition pulses. Several models of acetaldehyde oxidation appeared in literatures recently. Lignola's model [16] is used in this paper to study the dynamics behavior of oxidation of this acetaldehyde at high pressure, and on the effect of acoustic process and vaporization process on acetaldehyde combustion. It includes thirty components and seventy-one basic reactions. The specific heat and enthalpy value of each component is obtained from the NASA report. We use Matlab to simulate the above equations. Results show that the heat transfer coefficient from the combustor to the wall K HEAT has great effect on bifurcation behavior of the reaction system (see fig. 2 ). 2 indicates that with continuing growth of K HEAT , four regions can be divided: (i) In region I, when K HEAT is small, the combustion has only two steady states just like other CSTR. (ii) As K HEAT is growing large, the two steady modes become unstable at region II. Hopfs bifurcation appears from the middle temperature branch. High frequency self-oscillation with large amplitude comes forth in the reactor. The pressure evolution has shock waveform (see fig. 3 ), similar to "popping" phenomena. With K HEAT growing larger, the amplitude is becoming smaller and the frequency is becoming higher. When K HEAT is in special scale, the oscillation period will double (see fig. 4 ), or it will have several small waves between large waves. Acoustic process has no ef-fect on the pressure oscillation in this region. (iii) With the continuing growth of K HEAT , the oscillation attenuate to sine waveform in region III. The acoustic process in the tail pipe has complex interaction with the combustion oscillation in the reactor. (iv) When the K HEAT is larger than a special value, the self-oscillation will not retain without the help of acoustic process in the tail pipe, and the combustor will be stable at the middle temperature branch. However, the oscillation could also be retained with the help of acoustic process in the tail pipe, and the frequency of the pressure oscillation is equal to that of the free frequency of the tail pipe.
The results show that when the temperature of the combusting region is in an appropriate range, the temperature sensitivity and self-catalyzing mechanism of the multistep chemical reaction system may create complex combustion oscillation phenomena. Obviously, the heat transfer coefficient K HEAT has a crucial effect on the temperature of the combusting region. The K HEAT is actually very little in a real liquid propellant chamber. But the vaporization will absorb a lot of heat to make the temperature be in the appropriate range. This supposing has been proven true by our numeric simulation.
Acoustic interaction model
Theoretically, there are countless acoustic modes in the chamber, and the mode will get unstable if only it satisfies the threshold value condition: the plus is larger than the waste. But the modes are actually dependent on each other. Their interactions will affect each other if they can get to be unstable. To determine the acoustic mode that is most easily got unstable can help design the acoustic cavity and baffle, and avoid the cases that another mode gets to be unstable when the previous unstable mode is eliminated.
For a column chamber, the pulse pressure field can be expressed as follows: Fig. 3 . In region II, the time evolution of temperature of the self-oscillation. where m is the radial mode number, n the tangential mode number, q the longitudinal number, L the length of the chamber, R the radius of the chamber, and J the first kind of Bassel function. Because the first tangential mode combustion instability occurs most frequently, the interaction between two reverse first tangential modes is taken into account here. Suppose that ( ) ( )
The wave mode of traveling wave is rotational, so the wastage of oscillation energy along the tangential of the chamber is even. This is an important difference between the traveling wave and the standing wave. Supposing that the heat release rate has the form of eq. (2), by the Galerkin spatial and time averaging method, the time evolved equation of the pressure swings of the two first tangential modes can be got:
( )
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where b + and b − are the self-saturation coefficient, and c + and c − are inter-saturation coefficient.
Different from the governing equations given by Yang and Margolis, the mode interaction equations include third order items, but do not include the second order items. 
For stationary state,
By the bifurcation analyses of eqs. (16) and (17), it is found that if the self-saturation coefficients are larger than inter-saturation coefficients, the interaction between the modes is weak, and both of the modes can oscillate at the same time (see fig. 5 ). Otherwise, if self-saturation coefficients are less than inter-saturation coefficients, the interaction between the modes is strong, and only one mode can become unstable (see fig. 6 ). This is the cooperation and competition between the modes because the acoustic energy of the propellant premixed region is limited.
General thermodynamics analyses of combustion instability
According to Boltzmann principle, it is impossible for an interference structure to arise from a system including more than 10 10 molecules. Obviously, equilibrium thermodynamics is not fit for combustion instability, which is an ordered dissipative structure. According to nonequilibrium thermodynamics, nonequilibrium and nonlinear are the source of order. The necessary conditions for self-organization are far from equilibrium and exceed the thermodynamics bifurcation node; the enough feedback between the interference spatial and temporal activity and dynamics; enough heat flow and mass flow [17] . Linear nonequilibrium thermodynamics can be adopted if the combustion system is near equilibrium. Least entropy production theorem is an important result of linear nonequilibrium thermodynamics. The meanings of least entropy production are that the systems in equilibrium or in linear section close to equilibrium are stable at the state where the entropy production is at its minimum. Small fluctuations and small disturbances cannot change the stability of the system. No new order structure can be formed in them. Thermal design model is widely used during design of rocket engines. It is assumed in thermal design that the temperature and reaction rate in rocket engine are so high that the chamber is in phase equilibrium and in reaction equilibrium. However, according to aforementioned least entropy production theorem, a system in equilibrium is stable. Combustion instability cannot arise in rocket engine. So we cannot use thermal design model to study combustion instability.
The necessary condition for least entropy production theorem is that the relation between force and flow is symmetrical. As proven by statistic dynamics [17] , all the transfer phenomena satisfy adequately this relation only if the macroscopical scale h l is far larger than the average free length l r :
In other words, the approximate symmetry between the force and flow for transfer phenomena is generally tenable. Vaporization is a phase transfer process. The vaporization models assume that vaporization rate is controlled by diffusion process, which is governed by Fick Law. Because Fick Law is also a linear law, these models do not include the driving mechanism of combustion instability. However, things are different for chemical reactions. The reaction rate controlled by Arrehenius Law is a strong nonlinear function. The symmetry between the force and the flow comes into being only if the chemical reaction system is near equilibrium, or the activity energy is very low. Least entropy production theorem cannot come into existence for most of the chemical reactions.
If there is a chamber state, near the design state, whose entropy production is even less than that of the design state, the combustion process would be unstable. According to the ideal thermodynamics cycle of chamber, the higher the temperature, the less the entropy produced. So less entropy would be produced if the pulse of combustion rate and pulse of temperature are in the same phase. It means that the least entropy production theorem is consistent with Rayleigh's Criterion.
If the chamber state is far from equilibrium, linear nonequilibrium is no longer applicable. Nonlinear nonequilibrium thermodynamics have presented a Lyapunov function to estimate the stability of a system far from equilibrium. For compressible reacting fluid, it has been proven that [18] 
is an appropriate Lyapunov function. It can be proven that
is a positive definite function.
The stability criterion of the system is
For the chemical reactions in the chamber, it can be got that
where [ ] ij λ is strain tensor, and η is viscosity coefficient. The combustion stability is decided by the sum of three terms: the driving mechanisms of combustion, viscosity dissipation and the work done by the boundary. This is the general criterion for combustion instability.
Discussion
A curious feature of combustion instability is that whereas data are available for stability rating, theoretical results and relatively little data are available to explain them. Table 1 is the comparison between the theoretical analyses based on chemistry and the historic experimental results.
The main theoretical analysis is consistent with the experimental law of liquid rocket engine combustion instability. Chemistry dynamics can well explain almost all the combustion instability Table 1 Comparison between the theoretical and experimental results
Theoretical analyses
Experimental results High activity energy goes against combustion stability. The activity energy of hydrocarbon/oxygen is high, and the activity energy of hydrogen/oxygen is low.
Combustion instability often appears in hydrocarbon/oxygen chamber. Serious combustion instability has never been found in hydrogen/oxygen chamber [19] .
The temperature of the combust region is a very important factor for combustion instability. The earth storable propellant can react at room temperature. Hydrocarbon/oxygen begin to react over 400ü500 K. So the inject temperature has effect on earth storable propellant, but has no effect on hydrocarbon/oxygen propellant.
Combustion instability of earth storable propellant is very sensitive to environmental temperature [20] . In the early experiments of an engine of China, the probability of emergence of combustion instability in winter is higher than that in summer.
The combustion oscillation has no free frequency when the temperature sensitivity mechanism of the chemical reaction acting. The combustion oscillation has free frequency for self-catalyzing mechanism of acting.
In almost all cases the frequency is observed to be within a few percent of that of the normal acoustic modes for the basic geometry of the combustion chamber. In some other cases the "pops" has its own frequency which is far from the normal acoustic modes [21] .
The normal acoustic modes are in competition and cooperation with each other for the oscillation energy. The modes may oscillate at the same time if the interaction between the modes is weak. Otherwise, only one mode can get to be unstable.
During early tests on baffle configurations of engine YF-20, sometimes one mode of instability would be eliminated, but another would become dominant [20] .
The chamber is an opening system where combustion oscillation, as an ordered structure, is retained by the energy of propellant. The thermodynamics criterion can be gained from the nonlinear nonequilibrium thermodynamics.
As an experimental principle, high frequency combustion instability would help increase the combustion efficiency for an original low performance combustor [22] .
Arrhenius type reaction rates are sensitive to the two scalar quantities pressure and temperature, but not to the velocity vector.
As validate by a large number of experiments, the energy distribution who has the least heat release at the pressure amplitude is the best stable case [22] .
phenomena, indicating that chemistry may be the driving mechanism of many combustion instabilities.
